Abstract -F i v e d i f f e r e n t l a b o r a t o r i e s have c o l l a b o r a t e d i n a research programme on determination o f t h e branching frequency i n a LDPE sample.
INTRODUCTION

I n low d e n s i t y polyethylene (LDPE) b o t h l o n g and s h o r t s i d e chains are present. The number and l e n g t h o f these s i d e chains and hence t h e branching d e n s i t y v a r i e s over t h e molecules and molar mass d i s t r i b u t i o n . I t i s b e l i e v e d t h a t t h e heterogenity o f these complex s t r u ct u r e s i n f l u e n c e
During t h e past f i f t e e n years the Working P a r t y on t h e Molecular C h a r a c t e r i z a t i o n o f Commercial Polymers has i n v e s t i g a t e d s e v e r a l LDPE samples i n order t o improve t h e charact e r i z a t i o n methods where t h e LCB-concept has t o be considered. Although a c l o s e r agreement between t h e measured values has been r e p o r t e d (Ref. 1) compared t o t h e e a r l i e s t r e p o r t s (Ref. 2 , 3 ) any d e t a i l e d i n f o r m a t i o n about t h e complex s t r u c t u r e o f branching has n o t r e s u l t e d due t o a n a l y t i c a l d i f f i c u l t i e s .
I n order t o make progress w i t h t h i s problem a s m a l l subgroup w i t h i n t h e Working P a r t y was formed i n 1983. The members o f t h e subgroup decided t o f r a c t i o n a t e a LDPE-sample according t o d i f f e r e n t techniques, t o c h a r a c t e r i z e t h e whole polymer and t h e f r a c t i o n s w i t h d i f f er e n t powerful techniques and t o determine t h e amount o f l o n g c h a i n branching (LCB) as a f u n c t i o n o f molecular mass according t o d i f f e r e n t procedures.
This r e p o r t describes the c o n t r i b u t i o n s from some (new) members o f t h e Working t h e whole t h e f r a c t i o n s and t h e f r a c t i o n a t i o n methods. t h e morphology and t h e r h e o l o g i c a l p r o p e r t i e s o f t h e polymer. P a r t y for w e l l as t h e c o n t r i b u t i o n s from t h e subgroup f o r t h e whole polymer, polymer as
MATERIAL
Sample p , a commercial l o n g chaing branched LDPE, was provided by DSM. According t o t h e e a r l i e r r e s u l t s obtained by d i f f e r e n t methods by d i f f e r e n t l a b o r a t o r i e s (Ref. 1) t h e sample was found t o be s u f f i c i e n t l y homogenous. I n t a b l e 1 t h e m e l t index and d e n s i t y mean values, as w e l l as some other mean values, are given. The s u p e r s c r i p t s and t h e s u b s c r i p t s i n t h i s t a b l e i n d i c a t e t h e maximum d e v i a t i o n t o t h e higher and lower s i d e r e s p e c t i v e l y .
FRACTIONATION METHODS
I n order t o c h a r a c t e r i z e t h e branching o f LDPE very c a r e f u l a n a l y s i s o f g l o b a l samples a r e normally n o t s u f f i c i e n t , b u t t h e new o n -l i n e measurements a l s o mentioned i n t h i s r e p o r t , are o f much help. For t h i s purpose f r a c t i o n a t i o n o f t h e g l o b a l sample i n t o smaller f r a ct i o n s i s necessary.
Most o f t h e f r a c t i o n a t i o n methods are time consuming, so they are seldom applied. However TREF and L-L methods were c h a r a c t e r i z e d u s i n g d i f f e r e n t methods such as SEC,Li*t-Scatter i n g , v i s c o s i t y , i n f r a r e d spectroscopy, DSC and NMR.
Temperature rising elution fractionation (TREF) procedure
About 3 g polymer sample was d i s s o l v e d i n xylene a t 120 OC a t a c o n c e n t r a t i o n o f 1 7; . Then a column f i l l e d w i t h Chromosorb P was loaGed from t b e t o p and t h e c r y s t a 6 l i s a t i o n was performed decreasing t h e temperature from 90 C t o 50 C a t a r a t e o f 1 C/h. The e l u t i o n step was s t a r t e d pumping xylene through t h e column a t a flow r a t e o f 20 ml/min w h i l e i n c r e a s i n g t h e temperature a t a r a t e o f 9.6 OC/h.
A l t o g e t h e r 25 f r a c t i o n s were obtained and t h e polymer was p r e c i p i t a t e d when methanol was added t o t h e cooled s o l u t i o n s .
A l l f r a c t i o n -s o l u t i o n s were f i l t r a t e d u s i n g a Macherey and N a g e l -f i l t e r (MN 1674) and t h e d r i e d polymer residues were weighed.
L-L fractionation
The L-L f r a c t i o n a t i o n on LDPE-P has been performed as f o l l o w s :
10 g of t h e sample is d i s s o l v e d i n 2000 m l o f p-xylene and heated a t 134 O C f o r 24 hours w i t h s t i r r i n g , 440 m l o f t r i -e t h y l e n e g l y c o l (TEG) a r e added, and a f t e r one hour s t i r r i n g i s stopped s o l v e n t i s allowed t o separate i n t o a d i l u t e and concentrated phase. A f t e r 16 hours t h e lower ( d i l u t e ) phase i s drained, concentrated t o 100 m l i n a rotavapor and poured i n t o 2500 m l o f c o l d methanol. The p r e c i p i t a t e i s f i l t e r e d , washed w i t h methanol and d r i e d i n vacuum a t room temperature f o r 3 days ( f i r s t f r a c t i o n ) . The upper (concentrat e d ) l a y e r i s d i l u t e d t o 2000 m l , with p-xylene, again TEG i s added (500 r n l ) and t h e above mentioned procedure i s repeated t o o b t a i n t h e second f r a c t i o n . I n t h i s way t e n f r a c t i o n s are obtained. The f i r s t f r a c t i o n , being r e l a t i v e l y l a r g e , i s afterwards separated i n t h e same way i n t o two f r a c t i o n s ( l a and I b ) .
and t h e
CHARACTERIZATION METHODS FOR WHOLE SAMPLE AND FRACTIONS
Osmometry
M was measured by membrane osmometry. D i f f e r e n t types o f osmometers were used; t h e mhbranes used were " U l t r a c e l l a a l l e r f e i n s t " and "Schleicher Schuell 08".
Lig ht-scattering
The l i g h t -s c a t t e r i n g measurements were performed u s i n g a S o f i c a 42000, a F i c a 50 or a low angle l a s e r l i g h t s c a t t e r i n g (LALLS) apparatus Chromatix KMX-6. The s o l v e n t s used wereachloro-naphtalene or 1,2,4-trichlorobenzene (TCB), and the temperatures were 135-145 OC.
SEC
The SEC-measurements were mainly performed a t 135-140 OC, u s i n g t h e Waters 200 apparatus and TCB as eluent. Some l a b o r a t o r i e s a l s o used t h e Waters 150 C f o r some measurements. Polystyrene c r o s s l i n k e d with divinylbenzene was used as column m a t e r i a l i n a l l cases.
Off-line and SEC on-line viscosity measurements The i n t r i n s i c v i s c o s i t y measurements were performed a t 135 OC u s i n g TCB or d e c a l i n s o l v e n t . The i n s t r u m e n t s were o f t h e Ubbelohde type. Some o f t h e V i s c o s i t y (OLV) system where a FICA-viscometer was connected t o t h e Waters 200 SEC-apparat u s . p a r t i c i p a n t s used a SEC/On-Cine
SEC-LALLS
Two o f t h e p a r t i c i p a t i n g l a b o r a t o r i e s used t h e Chromatix KMX-6 LALLS coupled t o t h e Waters 200 SEC-apparatus. The s o l v e n t used was3TCB a t a temperature o f 135 OC. I n most cases a r e f r a c t i v e index increment o f -0.104 cm /g was used.
Infrared-measurements
ThelSCBcm-
DSC-measurements
The m e l t i n g temperatures, c r y s t a l l i z a t i o n temperatures and heat o f f u s i o n were determined by d i f f e r e n t commercial DSC-apparatus.
( S h o r t Chain Branching) amounts c a l c u l a t e d as CH3/1000 C were measured a t 1378 from pressed sheets u s i n g d i f f e r e n t t y p e s o f i n f r a r e d spectrophotometers.
NMR-measurements
One p a r t i c i p a n t p r o v i d e d I3C-NMR d a t a o b t a i n e d Jrom a Varian XL-200 spectrometer a t 50.31 MHz. The sample measurements were t a k e n a t 100 C w i t h broad-band decoupling. The polymer s o l u t i o n s ( w 8 X by weight) were prepared i n TCB w i t h 20 X benzene-d6 t o p r o v i d e t h e deuterium l o c k .
LONG CHAIN BRANCHING OF POLYMERS
The t h e o r y and measurements o f l o n g c h a i n b r a n c h i n g has been described by s e v e r a l a u t h o r s (Ref.
13-20) and t h e r e f o r e o n l y t h e t h e o r y connected t o t h e s p e c i a l i n t e r e s t s o f t h e
Working P a r t y w i l l be overviewed.
The p r i n c i p l e o f u n i v e r s a l c a l i b r a t i o n (Ref. 21) s t a t e s t h a t molecules with t h e same hydrodynamic volume have t h e same e l u t i o n volume when s t u d i e d by SEC.
A branched molecule has a s m a l l e r hydrodynamic volume t h a n a l i n e a r molecule w i t h t h e same molecular mass.
The e l u t i o n volume o f a branched molecule will correspond t o a l i n e a r molecule w i t h a lower apparent molecular mass M . As t h e hydrodynamic volume depends b o t h on m o l e c u l a r mass and degree and t y p e o f branching, a t l e a s t one more s i z e -r e l a t e d parameter, e.g. ( 1 ) 2 2 where <R g>br i s t h e mean square r a d i u s o f g y r a t i o n o f t h e branched molecule, and <R g > l i n i s t h e corresponding q u a n t i t y unperturbed s t a t e .
Due t o e x p e r i m e n t a l d i f f i c u l t i e s m o s t l y t h e expressions
f o r a l i n e a r molecule w i t h t h e same m o l e c u l a r mass i n t h e 
br i s t h e i n t r i n s i c v i s c o s i t y o f t h e branched sample i s t h e i n t r i n s i c v i s c o s i t y o f a l i n e a r sample o f t h e same molecular mass d i s t r i b u t i o n . l j 8 c a l c u l a t e t h e tl i t i s , s t r i c t l y speaking, necessary t o know t h e whole molecular mass d i s t r i b u t i o n , bu+! i unowl edge o f M and t h e w i d t h o f t h e d i s t r i b u t i o n (Mw/Mn) i s s u f f i c i e n t t o a good approximation (Ref. 13y.
B i n c l u d e s t h e e f f e c t s o f a l l unknown f a c t o r s . D i f f e r e n t values o f B have been found t h e o r o t i c a l l y and e x p e r i m e n t a l l y , b u t they a l l vary between 0.5 and 1.5.
and (17) Suggestions how t o o b t a i n a c o r r e c t molecular mass d i s t r i b u t i o n (MWD) c u r v e and a measure o f g' f o r a branched polymer have been proposed. D r o t t and Mendelson (Ref. 22-23) and K u r a t a e t . a l . (Ref. 24) developed i t e r a t i v e techniques, which r e s u l t e d i n a c o r r e c t MWD and values o f t h e LCB-amount expressed as branching amount p e r molecular mass u n i t . L a t e r S c h o l t e and M e i j e r i n k (Ref. 13) r e p o r t e d v a l u a b l e t h e o r e t i c a l c o n s i d e r a t i o n s w i t h r e s p e c t t o t h e parameter g'.
I n t r i n s i c v i s c o s i t y o f t h e e f f l u e n t from SEC can be measured semi-continuously by i n s t a ll i n g an Ubbelohde viscometer o n -l i n e w i t h t h e SEC-equipment . The e f f l u e n t t i m e w i l l g i v e t h e v i s c o s i t y f o r each f r a c t i o n w i t h t h i s method. Another method a p p l i e s t h e pressure drop over a c a p i l l a r y , which g 
where t h e apparent i n t r i p s i c v i s c o s i t y , (7)*, o f l i n e a r molecules w i t h t h e same e l u t i o n volume i s o b t a i n e d from M , according t o t h e l i n e a r c a l i b r a t i o n and t h e a p p r o p r i a t e Mark-
Houwink r e l a t i o n , (V)=K*M", and ( V )
i s t h e measured i n t r i n s i c v i s c o s i t y . I f LALLS i s used o n -l i n e w i t h t h e SEC-equipment,'%e a b s o l u t e molecular mass can be measured cont i n u o u s l y . Then another branching parameter can be d e f i n e d (Ref. 13):
I n t h i s case t h e apparent molecular mass i s taken from t h e l i n e a r c a l i b r a t i o n . Because b o t h g' I I I and g' II a r e a f f e c t e d by band broadening i n t h e SEC-columns t h i s e f f e c t has t o be taken i n t o c o n s i d e r a t i o n .
There i s s t i l l a p o s s i b i l i t y t o measure g ' u s i n g a parameter g'I, d e f i n e d as
where (7) t h e LALLS%hermination o f Mw by a Mark-Houwink r e l a t i o n f o r narrow ?&lecular mass f r a ct i o n s i s measured d i r e c t l y from t h e o n -l i n e viscometer and (7) i s c a l c u l a t e d from [ql i Jl i n =K * M ; approx. K * M, *
A proper v a l u e o f t h e exponent B i n t h e e q u a t i o n ( 2 ) i s e s s e n t i a l i n o r d e r t o o b t a i n t r u e LCB-values from t h e g'I-results.
The most u s e f u l expressions o f LCB t h a t a r e discussed i n t h i s r e p o r t a r e g' and LCB/1000 C. These a r e r e l a t e d t o g i n e q u a t i o n ( 1 ) a c c o r d i n g t o ( 8 ) f o r t r i f u n h o n a l random branching i n monodisperse polymers and t o When comparing these data with table 1, it is found that a agreement exists between the new and the old results, with the exception of the off-line light scattering results.
Measurements using I3C-NMR technique resulted in 4.5 ethyl branches per 1000 carbons, 6 . 0 butyl-, 1.8 pentyl-and 0.8-1.5 branches due to hexyl and higher side chains (plus end chain). The last results were calculated from the ratio of the peak area for the resonance at 8 I 32.19 (heptyl) +) to the total area.
The branching parameters g' were calculated for the whofe sampdI6y five laboratories. Two laboratories calculated g' as function of molecular mass using equation ( 8 ) and a 6-value of 1.0 and 0.5 respectively. The g'I-values agree reasonably well in the middle molecular mass region, but not at the higher and lower ends ( fig. 1 ) .
As seen in fig. 2 the g'III-values increase towards lower molecular masses. As the molecules with a high molecular mass in practice are more strongly branched than the low molecular weight polymers, the following relation should generally be valid (Ref.
expressed by the equations ( 6 ) and (4) respectively,
A comparison of the results in fig. 1 and fig. 2 confirm this and the three 9'-factors will differ still more significantly in the case of broad MWD. In the case of a broad polydisperse polymer, g' is the overall LCB index of the sample with all molecular masses contributing, the highesl molecular mass to a somewhat greater extent, and g'III gives an indication of the branching in the middle part of the distribution.
In fig. 3 the values of LCB/lOOO C, are calculated as function of molecular mass from the equations (8)-(11), using two different estimates for B. As expected, it is seen that lower 6-values give higher LCB-amounts within the whole molecular mass range.
Fractionation results
The tables 3-4 show the results from the analysis of the TREF-fractions.
Relatively good agreements are found between the results of the molecular masses from the different laboratories. The SEC-LALLS -Mw-values differ considerably from the M -values, which are not corrected for LCB. Fig. 1. 9'1 given .a function of nolccular IUIB. 
The TREF-method f r a c t i o n a t e s a c c o r d i n g t o s h o r t c h a i n b r a n c h i n g (SCB) as can be seen from t h e r e s u l t s i n t a b l e 4. The NMR-technique g i v e s r e s u l t s , which a r e v e r y c l o s e t o t h o s e o b t a i n e d by I R . The more c r y s t a l l i n e s p e c i e s , e l u t i n g a t h i g h e r t e m p e r a t u r e and showing l o w e r CH -c o n t e n t , a l s o show h i g h e r m e l t i n g p o i n t s . 3
The r e s u l t s from t h e L-L phase s e p a r a t i o n a r e shown i n t a b l e 5 and 6. As can be seen from t a
b l e 5 t h e L-L-technique f r a c t i o n a t e s a c c o r d i n g t o m o l e c u l a r mass, b u t t h e SCB-amount
expressed as CH /I000 C i s r a t h e r c o n s t a n t . Thus t h e r e a r e remarkable d i f f e r e n c e s between t h e f r a c t i o n s o a t a i n e d i n t h i s i n v e s t i g a t i o n by t h e two f r a c t i o n a t i o n methods.
Long chain branching (LCB) in the fractions
The main t o d e c i d e which f r a c t i o n a t i o n t y p e i s t h e b e s t t o d e s c r i b e LCB i n LOPE. A l s o some o t h e r q u e s t i o n s c o n c e r n i n g LCB, LDPE, SEC, v i s c o m e t r y and LALLS have a r i s e n . i n t e r e s t was
TREF
The o r i g i n a l chromatogram o b t a i n e d from t h e SEC-RI ( r e f r a c t i v e i n d e x ) measurements and SEC-on-line LALLS measurements r e s p e c t i v e l y a r e compared i n f i g u r e 4.
A c c o r d i n g t o t h e f i g u r e i t seems t h a t t h e m o l e c u l a r s i z e d i s t r i b u t i o n a c c o r d i n g t o t h e r e f r a c t i v e i n d e x measurements i s much narrower f o r t h e f r a c t i o n 38 t h a n f o r f r a c t i o n 1 8 . However, t h e LALLS-signal i n most cases g i v e s a b r o a d e r d i s t r i b u t i o n . The LALLS-detector a l r e a d y r e c o r d s m a t e r i a l with h i g h m o l e c u l a r masses, when t h e c o n c e n t r a t i o n d e t e c t o r ( R I ) does n o t b e t t e r d e t e c t such m a t e r i a l (Ref. 1 4 ) .
TREF does n o t seem t o f r a c t i o n a t e v e r y w e l l a c c o r d i n g t o l o n g c h a i n b r a n c h i n g . When t h e amounts o f LCB p e r 1000 carbons were c a l c u l a t e d w i t h a B-value o f 0.7 a c c o r d i n g t o e q u a t i o n ( 8 ) and p l o t t e d a g a i n s t t h e m o l e c u l a r w e i g h t s o f t h e SEC-LALLS f r a c t i o n s , t h e f r a c t i o n s 18 and 34 showed a b i g g e r h e t e r o g e n i t y compared t o t h e m i d d l e f r a c t i o n s .
Liquid-liquid phase separation (L-L)
Examples o f MWDs o f t h e L -L -f r a c t i o n s a r e shown i n f i g . 5. E v i d e n t l y t h e r e i s a good s e p a r a t i o n a c c o r d i n g t o m o l e c u l a r mass. The enormous response from LALLS on t h e f r a c t i o n 10 i s due t o t h e s e n s i t i v i t y towards c o n c e n t r a t i o n t i m e ' s m o l e c u l a r mass. As can be seen from t a b l e 5 L-L f r a c t i o n a t e s a c c o r d i n g t o LCB, which i s a l s o demonstrated i f we
use t h e r e s u l t s i n t a b l e 6 and PlOtAversus Mw ( f i g . 6 ) . E x a c t l y t h e same t e n d e n c i e s a r e found 
Note 2:
The LCB-parameter Xexpresses the number o f branching points/molecule/molecular mass. r e a n a l y s i n g t h e same samples. I t seems t h a t c o n c l u s i o n s about LCB f o r f r a c t i o n s s h o u l d be drawn from average LCB-parameters u n t i l t h e a n a l y s i n g methods become even more improved t h a n t h e y a r e t o d a y . However, f o r t h e whole sample , g'I i s a r e l i a b l e LCB-parameter.
ADDITIONAL RESEARCHES
Is LCB c o n s t a n t , d e c r e a s i n g or i n c r e a s i n g w i t h m o l e c u l a r mass f o r an o r d i n a r y LDPE? D u r i n g t h i s p r o j e c t some p a r t i c i p a n t s produced s e v e r a l i n t e r e s t i n g f i n d i n g s . From a p r a c t i c a l p o i n t o f view, t h e i n f l u e n c e o f t h e method f o r f i l t r a t i n g t h e sample before i n j e c t i n g i t i n t o t h e SEC-equipment, has a l s o been i n v e s t i g a t e d . D u r i n g t h e p a s t years c o n f l i c t i n g r e s u l t s have been o b t a i n e d when comparing s i l v e r -and asbestos f i l t r a t ion. However, one r e c e n t t e s t w i t h s i l v e r -and a s b e s t o s -f i l t e r with t h e same p o r e -s i z e ( 0 . 4 5~ m, 0 . 5~ m), used i n t h e same equipment d u r i n g t h e same p e r i o d gave t h e r e s u l t s seen i n t a b l e 10.
Sunmary of SEC-LALLS -results (iiw as
D u r i n g t h i s work i t was a l s o demonstrated t h a t t h e r e f r a c t i v e index increment v a l u e a f f e c t s t h e SEC-LALLS-results t o a much l a r g e r e x t e n t t h a n t h e v a l u e o f t h e second c o e f f i c i e n t , A2 ( t a b l e 1 1 ) .
DISCUSSION AND CONCLUSION
The use o f new SEC compatible i n s t r u m e n t s , such as SEC-on-line viscometry and SEC-LALLS, has g i v e n new i n f o r m a t i o n about branching c h a r a c t e r i s t i c s o f LDPE. Together w i t h f r a ct i o n a t i o n methods, such as temperature r i s i n g e l u t i o n f r a c t i o n a t i o n (TREF) and l i q u i dl i q u i d phase s e p a r a t i o n (L-L), a r a t h e r complete p i c t u r e o f t h e s h o r t c h a i n branching and l o n g c h a i n branching d i s t r i b u t i o n i n t h e sample i s obtained.
The LCB parameter g' can be o b t a i n e d i n t h r e e ways and t h e r e l a t i o n B has been e s t a b l i s h e d . The v a l u e o f 8 i n t h e e x p r e s s i o n g' I g seemed t o be 0.9 f o r t h e g l o b a l sample and f o r t h e low molecular mass f r a c t i o n s . F o r h i g h molecular mass f r a c t i o n s SEC-LALLS measurements gave very s i m i l a r r e s u l t s compared t o o f f -l i n e SEC-measurements i n t h e case when a B-value o f 0.5 was used. The TREF procedure m a i n l y f r a c t i o n a t e s a c c o r d i n g
